Understanding the electronic band structure and density of states (DOS) of a material and their relationship to the associated electronic transport properties is the starting point for optimizing the performance of a device and its technological applications. In a hydrogenated Zn 0.8 Co 0.2 O (ZnCoO:H) film with an inverted thin-film transistor structure, we found ambipolar behavior, which is shown in many field-effect devices based on graphene, graphene nanoribbons, and organic semiconductors. In this study, to obtain information on the DOS of ZnCoO:H to explain the ambipolar behavior in terms of the carrier density and type, resistivity and magnetoresistance measurements of a ZnCoO:H film were performed at 5 K.
Introduction
Chemical doping is commonly used to modify the electronic properties of a material.
1,2 However, it can be difficult to synthesize a variety of samples with precisely controlled doping ratios. Doped elements inherently induce disorder that may, in turn, increase resistivity. Alternatively, application of an external voltage creates an electric eld that varies the carrier density in the material; thus, in this manner, the resistance can be changed without inducing disorder. Field-effect transistors (FETs) are typically used for this purpose. An applied voltage induces electron ow between the source and drain electrodes; the electron ow is controlled by the gate. In practice, an insulating layer (SiO 2 , Si 3 N 4 , etc.) is deposited on a heavily doped semiconducting substrate with the gate electrode (backgate) beneath. Applying a gate voltage creates a change in the electric eld across the insulating layer, resulting in modulation of the surface charge density of the insulating layer, similar to capacitor behavior. By modifying the carrier density in the insulating layer, the insulating layer acts as a second parallel plate of a capacitor and therefore tunes its Fermi energy level. Signicant carrier accumulation/depletion has led to various achievements in condensed matter physics, such as metalinsulator transitions in ZnO 3 and an ambipolar eld effect in graphene.
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The ambipolar eld effect has been observed in graphenebased FETs; the unique cone-like zero gap band structure of this material produces a V-shaped transfer characteristic curve. 4, 5 In neutral graphene, the Fermi level is positioned at the Dirac point, which generates zero density of states (DOS). The Dirac point separates the region of conduction via electrons from that of holes. In addition to graphene, a wide variety of semiconducting materials (e.g., from conventional silicon to recently studied nanoribbon graphene, reduced graphene oxide, single-walled carbon nanotubes, quantum dots, and twodimensional materials) exhibit ambipolar characteristics.
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Recently, ambipolar behavior has also been demonstrated in solution-deposited ZnO/pentacene bilayer transistors and hydrogen-incorporated ZnO nanowires. 13, 14 ZnO has been used extensively in thin-lm transistor (TFT) applications, such as transparent displays, due to its excellent properties, including a wide direct band gap of 3.4 eV at room temperature, a large exciton binding energy of 60 meV, high electron mobility and high thermal conductivity, as well as nontoxicity. Also, as one of the most promising spin device materials, ZnCoO and ZnCoO:H have attracted much attention due to room temperature ferromagnetism, as reported by several groups [15] [16] [17] even though there is still some debate about the origin, reproducibility and consistency of room temperature ferromagnetism in these systems. Some experimental 18, 19 and theoretical [20] [21] [22] [23] studies of the role of hydrogens in ZnCoO have shown that the origin of ferromagnetism in ZnCoO:H might be Co-H-Co complexes mediated by unintentionally doped hydrogens. The macroscopic percolation of Co-H-Co complexes would result in ferromagnetic long-range ordering. In our previous studies, we demonstrated this controllable ferromagnetism by controlling the amount of doped hydrogen atoms 24 and observed the relation between the electrical properties and hydrogenation. 25 In this study, we doped a small concentration of hydrogen atoms into ZnCoO to prevent Co-H-Co complexes from percolating, to study the electrical properties through a rise in conductivity due to hydrogenation without long range magnetic ordering.
Here, we provide a comprehensive representation of the relationship between resistivity and DOS in ZnCoO:H by manipulating the carrier density and carrier type. The simple proposed DOS of ZnCoO:H explains qualitatively the experimental observations of carrier density modulation in ZnCoO:H, as well as the behavior of the resistivity. First-principles calculations provided conrmation that the proposed DOS representation was reasonable.
Materials and methods

Sample fabrications
Using radio frequency sputtering, a cobalt (20 mol%)-doped ZnO lm (thickness: 100 nm) was deposited on a p-type Si substrate covered with a 100 nm-thick insulating layer of Si 3 N 4 (provided by Crystal Bank-NRF2015M3A9B8047340 Pusan National University, Korea). To change the carrier concentration, a TFT structure was adapted using a p-doped Si substrate and Si 3 N 4 layer as the bottom electrode and insulating layer, respectively. During the sputtering process, the substrate temperature was maintained at 300 C in a high purity (99.99%) argon atmosphere. For transport measurements, a Hall bar with a 1 mm Â 10 mm channel was fabricated using conventional ultraviolet (UV)-lithography and etched in an NH 4 Cl aqueous solution. Aer dening the Hall bar, the sample was plasmatreated for 1 min in an Ar : H 2 (80 : 20 wt%) gas mixture at RT to inject hydrogen into the surface of the lm (ZnCoO:H); details are provided in a previous study.
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Resistivity measurements
The magnetotransport properties of the sample at 5 K were measured using a Physical Properties Measurement System (PPMS-9; Quantum Design), two source meters (Keithley 2425C, 2635A), a nanovoltmeter (Keithley 2182A), and a switcher (Keithley 7001). During the measurements, the gate voltage was swept between À20 V and 20 V, with a xed magnetic eld. The magnetic eld was perpendicular to both the sample surface and the direction of the current. The longitudinal voltage, V xx , and Hall voltage, V xy , were averaged as the direction of current was changed for each gate voltage. The longitudinal resistivity r xx (conductivity
w ¼ 1 mm, a ¼ 4 mm, and t ¼ 100 nm are the channel width, distance between contacts, and lm thickness, respectively. The leakage current was less than 2 nA, which is much less than the 1 mA that was applied during the measurements. The uctuation of the temperature was less than 10 mK.
First principle calculations
For the rst-principles calculations, the projector augmented wave (PAW) method 26 of the Vienna ab initio simulation package (VASP) 27 was used. The Perdew-Burke-Ernzerhof exchangecorrelation functional (PBE)
28 approach utilizing the generalized gradient approximation (GGA) scheme was employed, and the local spin density approximation (LSDA)+U method was used to compensate for the Coulomb interaction in the localized semi-core Zn-3d and Co-3d orbitals. 29 We used U ¼ 5 eV.
Results and discussion
In our previous studies, 20, 25 we found that ferromagnetism in ZnCoO:H is proportional to the amount of hydrogen and cobalt. Since a very small amount of hydrogen was injected into the sample in this study, the sample was expected to show either a very weak ferromagnetic signal or not to exhibit ferromagnetism. This was conrmed from M-H curves with no hysteresis loop at 5 K and from Hall voltage measurements showing no traces of the anomalous Hall effect (see ESI Fig. S1 †) .
In magnetotransport measurements, resistance values are obtained as a function of a changing magnetic eld. In this study, resistance was measured as the gate voltage was varied from À20 V to 20 V for xed magnetic elds ranging from 0 T to 3 T. Because the resistance for the negative magnetic eld was nearly identical to that for the positive magnetic eld with the same magnitude (see ESI Fig. S2 †) , we show only the results for the positive magnetic eld. The resistivity r xx was derived from
Fig. 1(a) shows the resistivity r xx as a function of the gate voltage, V G , for various magnetic elds (0-3 T). When the magnetic eld was 0 T, the resistivity increased initially with gate voltage, reached a maximum, and then decreased. As the magnetic eld increased, the resistivity at the same gate voltage became larger, which indicates the positive magnetoresistance (MR). With increasing magnetic eld up to 1.2 T, the dependency of the resistivity on the gate voltage showed tendencies similar to those at 0 T. Above 1.4 T, however, the behavior of the resistivity curve with respect to the gate voltage differed from that for lower magnetic elds. Near the maximum, a knee point was observed, in which the curvature of the resistivity changed and the interval between the maximum and knee point became larger. Fig. 1(b) shows the gate voltages for the maximum resistivity (black squares) and at the knee point (red circles) as a function of magnetic eld. Upon increasing the magnetic eld, the gate voltage at the maximum resistivity increased up to 1.4 T, and then decreased, thereby creating the knee point.
To study the magnetic eld dependency of the resistivity in detail, the MR, dened as the normalized change in resistivity Dr with respect to the resistivity at zero magnetic eld, r 0 i.e., the difference between the resistivities with and without the magnetic eld, was evaluated. Fig. 2(a) shows the MR as a function of gate voltage and magnetic eld. Below 1.4 T, the MR increased initially as the gate voltage increased from À20 V, and then remained relatively constant as the gate voltage increased from $0 V to 20 V. Above 1.4 T, the MR showed a linear increase aer a small anomaly, and maintained a constant value as the gate voltage continued to increase. Notably, the sudden jumps and drops of MR near V G ¼ 11 V were caused by normalization with resistivity of the zero magnetic eld, which has a sudden jump and drop near V G ¼ 11 V, as indicated in the noise signals of Fig. 1(a) ; these abrupt changes have no physical meaning. Fig. 2(b) shows the relationship between MR and resistivity at 3 T. As the gate voltage increased from V G ¼ À20.0 V, the resistivity and MR increased up to V G ¼ À15.0 V, in which a small anomaly in MR synchronized with the maximum in resistivity. Between À15.0 V and 0.0 V, the resistivity decreased linearly, while MR increased linearly. Above V G ¼ 0.0 V, MR remained constant while the resistivity decreased.
To check the effects of gating on carrier density, the Hall coefficient and carrier density at each gate voltage were ob-
t H , with Hall voltages V H (3 T) and V H (À3 T) measured at 3 T and À3 T, respectively, as shown in Fig. 3 . The Hall coefficient, R H , was positive for V G < À13.5 V, indicating that the carriers were holes, whereas it was negative for V G $ À13.5 V indicating that the carriers were electrons. The carrier density for V G ¼ 0 V was À4.0 Â 10 17 cm À3 ; thus, the sample was not conductive. From the dependency of the resistivity on temperature, the insulating behavior was conrmed (not shown here). Fig. 3(b) shows that the carriers are holes for V G < À13.5 V, with a density less than 1.6 Â 10 17 cm À3 . The type of carriers changed at V G ¼ À13.5 V. This ambipolar behavior was also observed in hydrogen-incorporated ZnO nanowires.
14 Under the assumption that the insulating layer Si 3 N 4 has the ideal values of a dielectric constant of 7.5 and a thickness of 100 nm, the possible carrier density modulated by a gate voltage of 15.0 V is 6.23 Â 10 17 cm
À3
. This value is comparable with the carrier density derived from Hall measurements on ZnCoO:H.
To better understand the resistivity and MR results and ambipolar behavior, as they relate to carrier density and gate voltage, we considered the schematic model in Fig. 4 of the DOS of ZnCoO:H, with and without a magnetic eld. We assumed that the Fermi energy was located slightly above the conduction band minimum (CBM) at V G ¼ 0 V, with an impurity band with majority spin (spin up, red) located below the CBM in the case of a zero magnetic eld (Fig. 4(a) ).
Hybrids of Co-d and Zn-s electrons created an impurity band (dashed lines); however, because the carrier density of the sample is small, little amount of the carriers are attributed to this impurity band. Also, the magnetic eld pushes this impurity band up, far above the Fermi energy, as shown in Fig. 4(b) ; thus, the contribution of this impurity band to the transport properties of the material is insignicant. Using the assumed DOS shown (Fig. 4) , the gate voltage dependency of the resistivity with zero eld can be explained as follows. When a positive gate voltage is applied, the carrier density increases and the Fermi energy is raised into the conduction band, leading to a smaller resistivity. When a negative gate voltage is applied, resulting in a decrease of the carrier density, the Fermi energy is lowered into the impurity band through the CBM. When the Fermi energy is located at the CBM (in our case, V G ¼ À14.2 V for zero magnetic eld), the resistivity showed a maximum. The carriers are holes with low mobility when the Fermi energy is located in the impurity band below CBM.
In Fig. 4(b) , we consider a nonzero magnetic eld. As shown in Fig. 1(a) , for magnetic elds above 1.4 T, there was a knee point in which the slope of the resistivity changes with increasing gate voltage. This knee point of the resistivity can be explained by the Fermi energy being located at the CBM of the minority spin. When the Fermi energy is positioned above the CBM of the minority, electrons with both majority and minority spins participate in electrical transport. However, when the Fermi energy is located below the CBM of the minority, only electrons with the majority spin are involved in the electrical transport. Thus, the slope of the resistivity below the maximum is different from that of the resistivity between the maximum and knee point shown in Fig. 1(a) . The fact that no knee points are observable for magnetic elds less than 1.4 T can be explained in terms of thermal energy. The thermal energy at 5 K was 0.43 meV, which is comparable to the magnetic eld energy, 1 2 m B m 0 H ¼ 0:14 meV for m 0 H ¼ 1.4 T. Thus, for a small magnetic eld whose magnetic eld energy is smaller than the thermal energy, the splitting of the majority and minor spin energy bands is not clear, resulting in no knee points.
For simplicity, we assumed that the conduction band is an slike band with a DOS proportional to the square root E and a spin of 1/2. So, the relation between the concentration of electrons and the Fermi energy at zero magnetic eld is given by
where A is a normalized constant with a value of 3 4
When a magnetic eld is applied, the energy band is split according to the Zeeman energy, as shown in Fig. 4(b) , and the concentrations of spin up (majority, red) and spin down (minority, blue) electrons depend on the Fermi energy, E F , and the magnetic eld, H, as given below:
with the normalized Fermi energy,
, and magnetic eld
, where n 0 , E F0 , s, m B , and m 0 represent the carrier density, the Fermi energy with the zero gate voltage, carrier spin, and the Bohr magneton and vacuum permeability, respectively.
Because the DOS of the impurity band is not simple, we considered carrier densities for which Fermi energy is located above the CBM of the majority spin.
The normalized total carrier density as a function of 3 F and 3 H is given as eqn (2) (and as shown in Fig. S3 †) :
As discussed by Q. Xu, 30 the positive MR of ZnCoO at low temperature is normally attributed to the spin-split conduction band. Spin spitting induces spin polarization. Thus MR and spin polarization are compared. The net spin polarization is given by Fig. 5(a) shows the net spin polarization Dn/n 0 with respect to the normalized carrier density and magnetic eld. The black squares and red circles mark the points with Dn ¼ 0 and Dn ¼ n, respectively. The dependency of the net spin polarization on the carrier density changes at the points (red circles) of Dn ¼ n. increased monotonically and saturated without anomalous points as V G increased. This absence of anomalous points may be explained by the thermal energy as before. For small magnetic elds with Zeeman energy comparable to the thermal energy, the Fermi energy is broadened in proportion to the thermal energy (wider than the Zeeman energy), which makes the anomalous points indistinct. Fig. 5(c) and (d) show the points where the dependency of the net spin polarization and MR changes. The x-axes of the graphs in Fig. 5(c) and (d) are the normalized magnetic eld energy and magnetic eld; thus, the former corresponds to the latter. The yaxis of the graph in Fig. 5(c) represents the net spin polarization, which is also related to MR. The calculated results show the same tendency as the experimental MR results for m 0 H $ 1.4 T, despite our simple assumption. The discrepancy of the curvatures, where Dn/n 0 does not saturate at large n/n 0 but MR saturates for a high V G , could be minimized by considering a more realistic DOS, as well as the thermal energy.
To determine the validity of the DOS assumed, we calculated the electronic structure of ZnO with Co-H-Co complexes and free Co ions using rst-principles calculations; these calculations were performed using the projector augmented wave method of the Vienna ab initio simulation package;
27 the detailed parameters for the calculation have been published elsewhere. 25 The results are shown in Fig. 6 . One difference from the previous calculation 25 is that a Co atom and a Co-H-Co molecule are located together in the supercell including 64 atoms, since two kinds of Co-driven structures are expected to be mixed in the real sample. From this calculation, we can discriminate the effects of a molecule of Co-H-Co and a single Co atom on the electronic structure. The present study focuses on the conduction band edge. It is remarkable that a spin-polarized peak from Co-H-Co is present just below the conduction band edge, and is nearly resonant to the CBM, consistent with Fig. 4 . The isolated Co atom without the H coupling contributes little to spin-polarization near the CBM, since the s-d interaction is weak. The Co-H-Co state of the majority spin is empty normally, but can be occupied by electrons provided by the O-vacancy or by control of the gate voltage of the present TFT device. The calculated spin-polarized DOS around the CBM from the Co-H-Co is in good agreement with that obtained from the gate voltage dependence of the observed resistivity and MR. Thus, the present experimental data provide strong evidence for formation of the Co-H-Co molecule in ZnCoO:H.
In this letter, we did not show the Hall voltage data that exhibits uctuations depending on the temperature and magnetic eld. We expect that these uctuations can be explained with the DOS proposed here and, as such, they will be addressed in the next paper.
Conclusions
The resistivity of hydrogenated ZnCoO was examined with respect to the gate voltage and magnetic eld strength. From the dependency of the resistivity and MR on the gate voltage, a DOS for ZnCoO:H was proposed. For magnetic eld strengths above 1.4 T, there was a knee point in which the slope of the resistivity changed with increasing gate voltage. This knee point of the resistivity can be explained by the Fermi energy being located at the CBM of the minority spin. When the Fermi energy is positioned above the CBM of the minority, both electrons with majority and minority spin participate in electrical transport; however, when the Fermi energy is located below the CBM of the minority, only electrons with majority spin are involved. Thus, the slope of the resistivity below the maximum is different from that of the resistivity between the maximum and knee point. The fact that no knee point was observable for magnetic elds less than 1.4 T can be explained in terms of thermal energy. The thermal energy at 5 K was 0.43 meV, which is comparable to the magnetic eld energy, m B m 0 H ¼ 0.14 meV for m 0 H ¼ 1.4 T. Thus, for a small magnetic eld whose magnetic eld energy is smaller than the thermal energy, the splitting of the majority and minor spin energy bands is not clear, resulting in no knee points. The calculated net spin well reproduced the experimental MR results and the proposed DOS was consistent with the DOS obtained using rst-principles calculations. These results provide clues regarding the possibility of gate voltage control of magnetic ordering using ne addition of H to ZnCoO.
These results provide evidence for the presence of Co-H-Co in ZnCoO:H and show the possibility of investigating the electronic structure of the diluted magnetic semiconductors around the conduction band edge through the control of the gate voltage of TFT device.
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